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Given the high stability, low cost, photo-active properties, and wide
band gap (3 eV) of rutile TiO2-based semiconductors, they are receiving
signiﬁcant interest and are considered as some of the most promising
materials for optoelectronic devices characterization of rutile nanorods
grown of p-Si (111). Rutile exhibits higher dielectric constant, high
chemical stability, high hardness, excellent mechanical strength, high
refractive index, transparency in visible region, and UV ray absorption
rate [1,2]. The heat treatment of TiO2 Ns had a great effect on its crystal-
line phase composition, grain size, surface morphology, and optical
properties. Therefore, many studies have been done to understand the
effect of annealing temperature on TiO2 Ns. Elfanaoui et al. [3] grew
TiO2 thin ﬁlms on glass substrates via CBD with TiOSO4 as a precursor
of Ti. The ﬁlms were then annealed at a high temperature (500 °C–
700 °C) in air for 1 h. The results showed that anatase-rutile transforma-
tion took place after annealing at 700 °C. Gao et al. [4] studied the effect
of annealing temperature on the photoresponse of TiO2 ﬁlms prepared
via the sol–gel process under nitrogen andoxygen at room temperature.
The results showed that the anatase–rutile transformation partly took
place at 550 °C, and anatase retained its structural stability until 500 °C.
Water vapor present in the atmosphere is deﬁned as humidity
which is highly variable and changes according to seasons, sea and
land, etc. The controlling of humidity is signiﬁcant for human comfort,
industrial process control and storage of various goods [5], thereforeognosy and Medicinal Plants,
an).
. This is an open access article underthe design and manufacture of humidity sensors has become one of
the most active research ﬁelds. Metal oxide semiconductors such as
TiO2, SnO2, ZnO, and Fe2O3, usually representing a property that the
electrical conductivity varies with the composition of the gas atmo-
sphere surrounding them, are the common and helpful sensing mate-
rials for gas and offer the potential for developing portable and
inexpensive gas sensing device [6]. Among these metal oxide sensors,
most of the progresswork is focused on TiO2material due to itsworking
at room temperature and adaptability to sense different gases after dop-
ant addition [7]. This study aims to investigate phase transformation of
TiO2 Ns and the effects of annealing treatment on its structural andmor-
phological properties. CBDwas employed to growTiO2 Ns on the Si sub-
strate at different annealing temperatures (without annealing, 350, 550,
750, and 950 °C). In addition,we proposed a novel type of humidity sen-
sors based on the optimal sample.
2. Experimental details
The seed layers of TiO2 were prepared with radio frequency (RF) re-
active magnetron sputtering on p-type Si (111) substrates for 80 min,
with a thickness of approximately 100 nm ± 5 nm. The target of TiO2
is a disk with high purity (99.99%, 3 in diameter). To clean the TiO2
disk surface, the target was presputtered for 5 min before deposition.
Prior to the seed layer deposition, the Silicon substrates were cleaned
with wet chemical etching using the RCA cleaning method that de-
scribed in our previous work [8]. The substrates were deposited onto a
heated substrate at 350 °C at an average deposition rate of 0.2 Å/s.
Then, these seeded substrates were annealed at 550 °C for 1 h in air to
improve crystallinity. The seeded Si substrates was cleaned in anthe CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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driedwithnitrogen gas. CBDwas used to synthesize TiO2NRs by heating
an acidic solution of TiCl3, which contained an immersed seed layer of
TiO2-coated substrates. The growth conditions of TiO2 NRs followed
our previous procedure [8–12]. During the precipitation that initiated
in the bath, a heterogeneous reaction occurred, and TiO2 was deposited
onto the substrate. The substrate coated with TiO2 NRs was removed
after 3 h, rinsed with distilled water, and dried with nitrogen gas.
Then, these prepared samples were annealed at different annealing
temperatures (without annealing, 350, 550, 750, and 950 °C) for 2 h in
air to improve crystallinity and to decompose Ti(OH)4 into TiO2 [13].
The surface morphology and structure of the prepared TiO2 NRs were
characterized and analyzed with FESEM (Leo Supra 50VP, Carl Zeiss,
Germany) equipped with an energy-dispersive X-ray (EDX) system
and XRD (PANalytical X'Pert PRO MRD PW3040) with CuKα radiationFig. 1. FESEM image of the rutile TiO2 Ns grown on silicon (111) substrate (a) as(λ=1.541 Å). The optical properties weremeasured at room tempera-
turewith a Raman spectrometer (Horiba Jobin YuonHR800UV, Edi-son,
NJ, USA) with Ar+ as the excitation source operated at a wavelength of
514.55 nm (20 mW). The current–voltage measurements of the fabri-
cated device were obtained using a computer-controlled integrated
source meter (Keithley 2400) at room temperature.
3. Results and discussion
3.1. Surface morphology
Fig. 1 shows the FESEM images (at two different magniﬁcations) of
the TiO2 Ns on p-type (111)-oriented silicon substrateswith a TiO2 buff-
er layer. These TiO2 Ns were synthesized via CBD at different annealing
temperatures. Fig. 1(a) (as deposited) shows that the sample consisteddeposited, and annealed at (b) 350 °C, (c) 550 °C, (d) 750 °C and (e) 950 °C.
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sessed a nearly spherical shape. After magniﬁcation, each petal of the
nanoﬂowerswas composed of bundles of NRs growing almost vertically
aligned to the substrate with a diameter of 26 nm–28 nm, and an aver-
age length of 95 nm. The sizes of the nanoﬂower structures increased to
approximately 380 and 400 nm, when the annealing temperature was
increased to 350 and 550 °C, respectively [as shown in Fig. 1(b, c)].
After magniﬁcation, these nanoﬂower structures were assembled by
several NRs. These NRs were 20 nm–30 nm in diameter and 80 nm–
100 nm in length. Similar effects are observed for samples annealed at
750 and 950 °C, where the sizes of the nanoﬂower structures increased
to about 405 and 415 nm, respectively. After magniﬁcation, we deter-
mined that these structures were composed of bundles of small,
sharp-tipped NRs connected to one another, which conferred difﬁculty
in estimating the diameter and average length of the NRs [Fig. 1(d, e)].
A careful looks at the images in Fig. 1(d, e) reveals thatmost of the rutile
nanoﬂowers that are randomly oriented on the surface and they com-
posed of NRs growing along the radial direction in the whole structure.
Thus, the aggregated NRs were packed together (the structure was
loosely packed outside and densely packed inside) to form immature
splitting nanoﬂowers. Furthermore, when the annealing treatment
was increased to 950 °C, the structures became regular and transformed
into splitting nanoﬂowers, which were not uniform in size [Fig. 1(e)].
This process suggested that the TiO2 had a strong splitting ability and
the sheaves aggregated together to form nanoﬂowers [14]. A compari-
son of the images in Fig. 1 reveals that the TiO2 density in Fig. 1cwas sig-
niﬁcantly higher.
3.2. Crystalline structure
The XRD patterns of the prepared TiO2 Ns onto TiO2 seed layer-coat-
ed p-type (111)-oriented silicon substrates at different annealing tem-
peratures are depicted in Fig. 2. The scanning Bragg angle (2θ) of the
ﬁve samples ranged from 20° to 80°. Distinct peaks were noted in the
XRD patterns at 27.7°, 27.23°, 27.47°, 27.7°, and 27.47° in as-deposited
sample and in the samples annealed at 350, 550, 750, and 950 °C, re-
spectively. From Fig. 2, the as-grown sample and the sample annealed
at 350 °C havemixtures of rutile and anatase phases, where the propor-
tion of the rutile phase was higher. The diffraction peaks belonging to
rutile phase for both samples are observed at (110), (101), (211),
(220), and (310) planes (JCPDS card No.01-078-1508)with low intensi-
ties and weak peaks for the as-grown sample and becamemore intenseFig. 2. XRD patterns of rutile TiO2 Ns grown on silicon (111) subwhen the annealing temperature approaches 350 °C.Moreover, one dif-
fraction peak belonging to the anatase phase [the diffraction peaks that
are due to the anatase phase were labeled as (A)] was observed at posi-
tion 25.2, which corresponds to the (101) plane. Moreover, two diffrac-
tion peaks appeared at positions 25.5 and 48.1, which correspond to the
(101) and (200) planes, respectively, (JCPDS card No. 00-002-0387) for
the as-grown sample and the sample annealed at 350 °C, respectively.
The anatase ratio decreases with increasing annealing temperatures. Fi-
nally, the whole structure was converted into rutile phase after calcina-
tion at 550 °C. Similar effects are observed for the samples annealed at
750 and 950 °C. All diffraction peaks in these samples belong to the ru-
tile phase, and this result is in agreement with JCPDS card No.01-078-
1508. Furthermore, no diffraction peaks of the anatase phase were ob-
served in these samples because the anatase phase was totally convert-
ed to rutile phase, and the rutilization process was completed at and
after 550 °C. The surface coating is inferred to contain pure rutile
phase. Similar results are also reported by other studies [4,15–17]. Fur-
thermore, the intensity of rutile increases and the peaks of rutile sharp-
en after annealing at 550 °C or higher. The temperature of annealing
affected the degree of crystallinity. Compared with the other samples,
the sample prepared at an annealing temperature of 550 °C had a high
crystallinity. This sample had ﬁve diffraction peaks that correspond to
the presence of the (110), (101), (200), (210), and (211) planes of
TiO2 material. Based on the XRD patterns, the TiO2 Ns was polycrystal-
line and can be indexed as tetragonal rutile phase. This result can be at-
tributed to the higher degree of crystallinity, which reduces the
possibility of electron (e−)-hole (h+) recombination at a defective site
and enhances the absorption of incident light, whose photon energy ex-
ceeds the band gap of the materials in the device to generate e−–h+
pairs [18]. This behavior is suitable for optoelectronic nanodevice appli-
cations, such as UV photodiodes [19].
3.3. Raman spectrum
Fig. 3 shows the Raman spectra in the range of 100 cm−1–
1500 cm−1 of the as-deposited TiO2 Ns and those annealed at 350,
550, 750, and 950 °C on silicon (111) substrates. The Raman spectrum
for the as-deposited sample displays weak bands at about 143, 399,
448, 640, and 828 cm−1. Over the broad background signal, these
peaks suggest the formation of poorly crystallized mixed phase anatase
and rutile TiO2. The bands at 143 cm−1 (B1g), 448 cm−1 (Eg), and
828 cm−1 (B2g) correspond to the rutile phase (marked as R) [20] andstrate as deposited, and at different annealing temperatures.
Fig. 3. Raman spectra of rutile TiO2 Ns grown on silicon (111) substrate as deposited, and at different annealing temperatures. A = anatase and R = rutile.
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atase phase (marked as A) [21]. After annealing at 350 °C, the sample
presented a high peak at around 144 cm−1 at the high-frequency side
of the Eg mode of the spectrum. This peak can also be assigned as the
Eg mode of anatase phase. Additionally, the Raman spectrum exhibits
three weak peaks located at 235, 438, and 615 cm−1 assigned as Eg,
two-phonon bands and A1g modes. These features are close to those in
the bulk rutile phase [20,21]. The results clearly indicate that the TiO2
phasemainly crystallizes in themixture phases of the anatase and rutile
structures. These results are in agreement with our XRD results, which
are displayed in Fig. 2 for both the as-deposited sample and the sample
annealed at 350 °C. However, when the annealing temperature was in-
creased to 550 °C, the anatase bands disappear and only the rutile bands
are observed at 143, 235, 447, and 612 cm−1. These peaks clearly show
the transformation from the mixed phases of anatase and rutile to only
the rutile phase. No bands corresponding to the anatase phase are ob-
served in this sample. Similar results have also been reported by Gao
et al. [4]. They observed that the anatase phase obtained via the sol–gel process partly transforms into rutile structure after annealing at
550 °C. Similar results are also reported by Arias et al. [22]. By contrast,
Mechiakh at el. [23] observed the formation of a small amount of the an-
atase phase and this formation was indicated by a low total intensity of
the signal at annealing temperatures between 400 and 800 °C, and
transforms into rutile phase at 1000 °C, and further into the rutile
phase at 1200 °C. Elfanaoui et al. [3] observed the transformation from
anatase phase to rutile phase in TiO2 ﬁlms prepared via CBD after an-
nealing at 700 °C. Recently, Kocemba et al. [24] reported that at an an-
nealing temperature of 800 °C, the rutile phase became dominant.
However, weak peaks of the anatase phase still appeared. This result in-
dicates the complete transformation of anatase to rutile at annealing
temperatures higher than 800 °C. Bayal et al. [25] observed the complete
transformation of anatase to rutile phase after increasing the calcination
temperature to 900 °C. The present work describes the observation of a
pure rutile crystalline phase after annealing at 550 °C. The seed layer
used in this work was annealed at 550 °C in air for 2 h. This seed layer
was beneﬁcial for growing rutile when the deposition started and
Fig. 5. Current-voltage characteristics of the device at environmental humidity (around
70%) and room temperature.
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phase gradually turned into rutile phase after annealing. When the an-
nealing temperature was increased to 750 and 950 °C, the intensities
of the rutile peaks in the spectra had decreased. Given that the spectra
contains no anatase peaks (in these samples, the rutile phase has four
active modes observed at 143, 236, 445, and 614 cm−1 and 143, 234.
447, and 612 cm−1 for the samples annealed at 750 and 950 °C, respec-
tively). No signiﬁcant change in the position of these peaks was ob-
served. Finally, the Raman bands for the rutile phase become sharper
andmore intense at an annealing temperature of 550 °C. This result sug-
gests that pure rutile TiO2 Ns can be obtained by adjusting the annealing
temperature. In all samples, the strong band at 520 cm−1 and the weak
broad band between 940 and 985 cm−1 can be attributed to the Si sub-
strate, which is in agreement with previous ﬁndings [26,27].
3.4. Device fabrication
A metal–semiconductor–metal (MSM) type humidity sensor device
was fabricated by depositing Pt contacts (100 nm thickness) on top of
the optimal sample (the sample annealed at 550 °C) using a metal
mask. The electrodes were deposited using RF reactive magnetron
sputtering, wherein the chamber was evacuated below 3 × 10−5 mbar
with an RF power of 120 W. High-purity Ar was used as a sputtering
gas at a ﬁxed ratio of 17%. Deposition was then performed under a
total pressure of 3 × 10−3 mbar. The contacts were deposited at room
temperature. Fig. 4 shows a schematic of the device structure. The
Schottky contact depends on the metal work function and semiconduc-
tor electron afﬁnity. A metal–semiconductor junction ideally exhibits
Schottky behavior if the barrier is generated by the contact. However,
charge carriers cannot transport in or out of the semiconductor. There-
fore, resistance for charge carriers is observed across the contact. TiO2 is
an n-type semiconductor. The work function of the metal must be
higher than the semiconductor electron afﬁnity [28]. The speciﬁc
value of the work function for clean, stoichiometric rutile TiO2 (110)
surface reported in a previous study between 5.3 and 5.5 eV critically
depends on the concentration of oxygen vacancies, which are generated
during the preparation procedure [29,30]. The theoretical value of Pt
work function without deformation is 5.6 eV [31]. Consequently, the
formation of Schottky contacts Pt/TiO2 is determined based on the
values of the Pt work function and TiO2 electron afﬁnity. TiO2 resides
at the borderline between covalent and ionic semiconductors. Schottky
contact formation to TiO2 with low contact resistivity is achieved by re-
ducingbarrier height and/or increasing the TiO2 surface defect densities.Fig. 4. The schematic diagram of the devicResidual impurities, surface asperities, and asperities have pronounced
effects on electronic contact properties, resulting in sufﬁciently thin bar-
rier for carriers to tunnel through [28,32,33]. Chemical reactions also
have a function at metal–TiO2 interfaces, which form both oxides and
eutectics, which result in high defect densities near interfaces and affect
the Schottky barriers. These results demonstrate a competition of sever-
al interface charge transport mechanisms and chemically-active inter-
face material structures, which changes the traditional Schottky
barrier mode [28].
Fig. 5 shows I–V characteristics of the Schottcky contacts based on
rutile TiO2 NRs are governed by the metal–semiconductor junction
formed in the interface of the two materials (Pt and TiO2) at environ-
mental humidity (around 70%) and room temperature. It can be ob-
served the rectifying Schottcky behavior and the increase in current
density at positive voltages (forward and reverse polarization). Howev-
er, the I–V characteristics do not show the same values at different rel-
ative humidity (RH) values (20%, 50% and 80%), and the conductance of
the device increases as the RH concentration is increased. This effect is
based on the Fig. 6. The fact suggests that, the sensitivity and the sensor
response are also enhanced by means of the high surface/volume ratio
and, ﬁnally, the reduction of the device dimensions allows diminishing
the power consumption of the system [38]. The sensing reactions in-
volved in the humidity monitoring are based on physiadsorption phe-
nomena due to the fact that the interaction between the watere (MSM-structured Humidity sensor).
Fig. 6. Current–voltage characteristics of the device at 20%, 50% and 80% RH and at room
temperature.
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Different interactions between water and rutile TiO2 have been de-
scribed according to the semiconductor morphology [39].
4. Conclusions
In this work, TiO2 Nswas prepared by CBDmethod and the structur-
al andmorphological propertieswere deeply investigated. The structur-
al analysis showed that, the anatase ratio decreases with increasing
annealing temperatures. Finally, the whole structure was converted
into rutile phase after calcination at 550 °C. Similar effects are observed
for the samples annealed at 750 and 950 °C. Furthermore, the Raman
bands for the rutile phase become sharper and more intense at an an-
nealing temperature of 550 °C. This result suggests that pure rutile
TiO2 Ns can be obtained by adjusting the annealing temperature. A
novel type of metal–semiconductor–metal humidity sensor device
based on the optimal sample was fabricated and its working at room
temperature.
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